[1] The forest floor in many ecosystems consists of a partially decomposed organic layer (duff), which together with the litter layer comprises the boundary between the atmosphere and the mineral soil. Processes controlling the duff water budget during dry periods (which occur during most of the summer) were investigated using field monitoring, field flow exclusion manipulations, and coupled, multiphasic water and heat budget modeling. The objective of this paper is to model the significant processes that govern the dynamics of the duff water budget during drying. During dry periods the moisture content of the duff's F layer cycles diurnally with minimal moisture movement between the duff and mineral soil. Field exclusion of dew, lateral flow, and mineral soil flow suggests that diurnal drying cycles during the dry period are driven by diurnal atmospheric energy fluxes leading to coupled heat and mass fluxes within the duff. The fine root system and lateral flow do not typically influence drying. TOUGH2 was used to develop a one-dimensional, multiphasic (both liquid and vapor) coupled water and heat budget model which confirmed that the vertical moisture fluxes lead to diurnal cycles. 
Introduction
[2] The forest floor in many ecosystems consists of a partially decomposed organic layer (duff) up to 30 cm thick. The duff, along with the litter layer, is the boundary between the atmosphere and the mineral soil. Duff consists of two distinct layers, a top fermentation (F) layer and bottom humus (H) layer, but does not include the litter layer. The litter, F, and H layers are gradients of decomposition. The F layer is composed of slightly decomposed organic particles whose origins remain recognizable, while the particles in the lower H layer are more decomposed and their origins are no longer discernable [Johnson, 1992] . The physical and hydrological properties are very different from the underlying mineral soils [Laurén et al., 2000; Laurén and Mannerkoski, 2001; Miyanishi, 2001; Weiss et al., 1998 ]. The duff layer is found in forested ecosystems from the boreal forest through to tropical mountain forests [Miyanishi, 2001] . Despite its widespread distribution, there has been relatively little study of the hydrology of the duff layer; the vast majority of forest hydrological studies have dealt with mineral soils [Buttle et al., 2000 [Buttle et al., , 2005 .
[3] The duff layer plays a pivotal role in the hydrology of the forest due to its location at the interface of the mineral soil and the atmosphere. It is directly impacted by latent heat fluxes and it impedes evaporative fluxes from the underlying mineral soil [Tamai et al., 1998 ], slowing the potential rate of drying in the mineral soil. The duff has a low thermal conductivity and acts as an insulator between the atmosphere and mineral soil, leading to a reduction in the temperature, temperature fluctuations, and thermal gradient in the mineral soil [Bonan and Shugart, 1989; Van Cleve et al., 1983] . The steep thermal gradient within the duff layer may lead to large vapor fluxes. In addition, the duff at the surface can be affected by dew; during dry periods dew can be an important moisture input [Engstrom et al., 2005; Jacobs et al., 2006] influencing the process of duff drying.
[4] Lateral runoff through organic soils should lead to spatial variability of moisture at the hillslope scale [Carey and Woo, 1999; Kim et al., 2005] . The water retention capability of the duff layer is highly variable, with more decomposed duff able to retain more moisture at a given matric potential [Laurén and Mannerkoski, 2001] . This can lead to the bottom H layer having significantly higher moisture content than both the top (F) layer and the underlying mineral soil. Additionally, the water retention capability facilitates moisture redistribution within the duff layer more easily than between the duff and the mineral soil; this may lead to a disconnection between the duff and the underlying mineral soil.
[5] A disconnection between the duff layer and the mineral soil has been implicitly assumed in the models that have been developed to simulate the drying process within the duff layer for smoldering combustion in forest fires [Fosberg, 1975; Van Wagner, 1979 , 1982 . These duff moisture models ignore the influence of the underlying mineral soil, focusing solely on the duff layer (as a single homogeneous layer) and uses inputs of only temperature, humidity, and precipitation. Van Wagner [1979] developed an empirical model that split the drying of the duff into two stages, the constant rate and falling rate periods [Perry et al., 1984] . The model used a simple exponential drying formula with only temperature, humidity, and precipitation as variables. Fosberg [1975] developed a more complete numerical duff drying model that coupled heat and vapor transport within the duff. This model indicated that the drying process is controlled by moisture content, energy input, and temperature within the duff [Johnson, 1992] . While it has not been widely applied, Fosberg's model remains the most detailed process-based model developed specifically for duff drying.
[6] Drying processes are very complex at the surface of any porous media exposed to the atmosphere [Milly, 1984] , and neither the Van Wagner nor the Fosberg model includes all of the important processes. These models were designed to simulate average daily values; thus processes that control the water budget during drying at shorter temporal scales were not considered. The near surface drying process is strongly coupled to diurnal energy fluxes, and the moisture and temperature fluxes often have a distinct diurnal pattern [Jackson et al., 1973 [Jackson et al., , 1974 . In dry conditions, the dominant processes near the surface include evaporative, liquid, and vapor fluxes [Jackson et al., 1974; Yamanaka and Yonetani, 1999] . The relative importance of these processes depends on the moisture content and thermal gradients. The diurnal drying cycles decrease in amplitude with depth and, as depth increases, the cycles increasingly lag the surface cycles [Jackson et al., 1973] . Multiphase coupled heat and mass transfer models have been developed for mineral soils to deal with these processes [dos Santos and Mendes, 2005; Grifoll et al., 2005; Liu et al., 2005] . These models build on the theoretical work of Philip and De Vries [1957] and Luikov [1975] , simulating the movement of moisture and heat near the surface for one-dimensional flow in drying mineral soils.
[7] At the tree canopy and hillslope scales, different processes lead to variability in the duff moisture content. At the tree canopy scale, interception leads to sites under the canopy being drier than sites in the open [Miyanishi and Johnson, 2002; Raaflaub and Valeo, 2008] . Duff moisture has also been found to vary with hillslope position [Miyanishi and Johnson, 2002; Samran et al., 1995] , with the duff moisture content higher at the bottoms of the hillslopes [Bridge and Johnson, 2000; Vo, 2001] .
[8] Lateral flow through organic soils is one mechanism that can lead to redistribution of duff moisture [Carey and Woo, 2001; McDonnell et al., 1991] , though the importance of lateral flow is variable throughout the year [Kim et al., 2005; Sidle et al., 2001] . In mineral soils, lateral redistribution has been shown to be a transient effect, and topography plays a less important role as the length between significant precipitation events, i.e., dry periods, increases [Grayson et al., 1997; Western et al., 1998 ]. During these dry periods in mineral soil, there is little or no lateral redistribution, and the mineral soil drying becomes locally controlled with vertical fluxes dominating [Grayson et al., 1997] . As Jackson et al. [1973 , 1974 found, vertical fluxes dominate the mineral soil water budget when diurnal drying cycles are evident; thus, the diurnal pattern of drying may indicate a period of local control in many ecosystems. Previous research on boreal forest duff by Vo [2001] has found that duff moisture budgets are largely controlled by vertical fluxes (local control) during dry summer periods in the boreal forest.
[9] The objective of this paper is to model the significant processes that govern the dynamics of the duff water budget during drying. Empirical data collected over two years in a coniferous forest were analyzed to suggest what processes control the duff water budget. The results of this analysis provided the basis for two manipulation studies designed to isolate specific processes (dew input, lateral flux, vertical flux from the mineral soil, and canopy interception) and determine their influence on the duff water budget. The two years of monitoring data and the manipulation studies were used to help parameterize a multiphasic, coupled heat and mass transfer water budget model (TOUGH2) [Pruess, 2004] . This is the first step toward the development of a watershed scale model, based on the TOUGH2 framework, focused on the hydrological response of the duff layer.
Materials and Methods

Study Area
[10] The field data were collected in the Marmot Basin Research Watershed located in the Kananaskis Valley of Alberta, Canada (NAD83 11U 629800 5645900). The watershed covers approximately 9.6 km 2 , with a minimum and maximum elevation of 1585 m and 2838 m, respectively. The climate in the region is characterized by long, cold winters and cool summers. The annual precipitation in the watershed ranges from 660 mm near the outlet to over 1100 mm at high elevations [Stevenson, 1967] . Historically, 70-75% of the precipitation falls as snow. The majority of the moisture input is due to snowmelt and precipitation during the spring and late summer, with May and June experiencing the most precipitation. Throughout the remainder of the summer the basin dries out, with the main input being rainfall associated with convective storms.
[11] The basin's outlet stream is fifth order (as in the stream classification proposed by Strahler [1957] ) and flow out of the basin has been measured between May and October since 1964 at a V notched weir. Peak discharge from the basin occurs in June with a maximum instantaneous flow rate of 3. The lower subalpine forest, below 1700 m, is dominated by lodgepole pine (Pinus contorta var. latifolia Dougl.) and Engelmann spruce. The duff layer is found throughout the forested parts of the watershed; the thickness of the layer varying from 4 cm in lodgepole pine stands to 30 cm under the canopy in both the spruce and fir stands. The mineral soil in the forested part of the basin consists largely of welldrained Podzolic soils [Soil Classification Working Group, 1998 ]. The basin is covered in well-drained stony glacial tills to a depth of approximately 10 m, with an infiltration rate much greater than peak storm intensity [Stevenson, 1967] . The bedrock consists of sandstone, shale, and conglomerate beds.
[13] In the upper part of the watershed, groundwater flow parallels the steep topography at shallow depths, leading to occasional springs. Mid watershed, the flow of water is generally downward through the surficial deposits. Near the outlet of the basin, this flow is deflected back toward the surface and discharged [Stevenson, 1967] .
Field Measurements
[14] Field data used for model calibration were collected from late-May until early September in 2006 and 2007 in a P. engelmannii stand at an elevation of 1852 m. The soil moisture was measured at five depths: F layer (2 cm below surface), H layer (2 cm above bottom of duff), mineral soil −5 (5 cm below bottom of duff), mineral soil −15 (15 cm below bottom of duff), and mineral soil −25 (25 cm below bottom of duff) using a Theta Probe (Delta-T-Devices, Cambridge, UK) which was calibrated for the duff according to manufacturer recommendations [Keith, 2008] , a calibrated field installed theta probe has an overall accuracy of ±0.05 m 3 m −3 . The probes were installed horizontally in an undisturbed soil column, the hole dug adjacent to the probe installation was then backfilled with the original mineral soil and duff. The soil moisture was measured at 10 min intervals, and each probe measures a 75 cm 3 volume. Soil temperature was measured at four depths as above, excluding mineral soil at 15 cm and at 15 min intervals (ONSET 4 Channel data logger and temperature sensors, Bourne, Massachusetts).
[15] Net radiation (Kipp and Zonen NR-Lite Net Radiometer, Delft, The Netherlands), wind speed (Windsonic anemometer, Gill Instruments, Hampshire, UK), temperature, and humidity (HMP45C, Campbell Scientific, Logan, Utah) were measured 1.5 m above the ground. Data were recorded once per minute and stored as 15 min averages (Campbell Scientific CR10X data logger, Logan, Utah). Precipitation was measured within the stand in a canopy gap, and in a clearing located near the plot (Onset Corporation tipping bucket rain gauge) with the latter measurement used to represent the actual amount of precipitation. A standard meteorological station was also located near the base of the watershed at 1450 m. These data were used to calculate the evaporation rate at the surface of the F layer, see section 2.4.
[16] Two manipulations were performed to study the affect of dew, vertical fluxes, lateral fluxes, and the fine root system, on the diurnal pattern of duff drying. The manipulation to observe the influence of dew was carried out during a drying period in early September 2007. The dew manipulation plot was covered by a plastic tarp at a height of 30 cm and covered a surface area of approximately 1 m 2 . All moisture that condensed on the tarp was routed downslope of the plots. The dew manipulation excluded dew from the surface of the duff using a clear plastic tarp above the surface to minimize the manipulation's influence on the heat budget. The moisture content of the duff was measured with soil moisture probes located in the F layer (2 cm below the surface) and the H layer (2 cm above the bottom of duff). The soil moisture was measured at 10 min intervals throughout the manipulation (Theta Probe Delta-T-Devices).
[17] The manipulations implemented to exclude the fine root system, vertical and lateral water movement, were put in place from mid-May to mid-September, 2007. The exclusion manipulation plot was 0.072 m 3 (0.3 m wide × 0.3 m deep × 0.8 m long) and was set up in a P. engelmannii stand. In this manipulation, the top 30 cm of forest floor were completely isolated from both lateral and bottom vertical fluxes by four metal plates surrounding the sample and one plate running underneath at a depth of 30 cm. A control plot located nearby measured the moisture content in the same stand. In both plots the moisture content was measured in the F layer (2 cm below the surface), H layer (2 cm above bottom of duff), and the mineral soil layer 5 cm below the bottom of the enclosure. The enclosure disconnected the duff from the surrounding soil and vegetation, and thus, effectively disconnected the fine root system from the surrounding vegetation.
Duff Drying Model
[18] During dry periods, duff drying processes are driven by the coupling of heat and mass transfer within the duff, and vertical fluxes (as opposed to both vertical and lateral fluxes) will dominate the duff water budget [Grayson et al., 1997] . This is shown conceptually in Figure 1 and detailed equations are given in Text S1.
1 From Figure 1 , the model is one-dimensional with the thickness of the F and H duff layers specified. Fluxes of water, both as vapor and liquid, are modeled using a multiphase version of Darcy's Law [Pruess, 1999] . Redistribution is driven by pressure gradients (matric potential) within the duff. The energy budget includes both conduction and convection. The duff layer is an excellent insulator (Table 1 ) and does not readily conduct heat, leading to a large thermal gradient across the duff layer. Convection is tied to the water fluxes within the duff. As the duff dries, water moves upwards from the cooler parts of the duff, leading to a small reduction in the temperature of the duff near the surface.
[19] TOUGH2 includes a coupled energy (heat) and mass (water) balance and was used to model the drying of the duff layer [Pruess, 1999 [Pruess, , 2004 . In the model the duff layer is divided into F and H layers, the properties of which are given in Table 1 . The rate of water accumulation in the duff layer is equal to the water flux across the surface of the layer. A source or sink term is used at the boundary layers to add or remove water from the boundary (i.e., evaporative flux at the atmospheric boundary at the top of the F layer). The coupling of vapor and liquid fluxes with the boundary conditions at the duff surface drives the drying of the duff.
[20] The vapor and liquid accumulated within a layer are dependent on the porosity of the duff layer. Higher porosity enables more vapor and liquid to accumulate in the duff. The flux within the duff is calculated using a multiphase version of Darcy's Law.
[21] Unsaturated flow within the duff via this mechanism is driven by gravity and pressure gradients (matric potential). Under a given pressure gradient the ability of fluid to flow through the duff varies. Higher duff permeability leads to increased flow through the duff under a given pressure gradient. The total water flux, due to Darcy flow, through the duff is the sum of the liquid and vapor fluxes. Highly porous materials such as duff lead to increased potential for diffusion, with the vapor phase diffusion coefficients being generally much larger than the liquid phase coefficients.
While enhanced vapor diffusion in soils is a well known effect, it was not considered in this study.
[22] The dependence of tortuosity on saturation is calculated using the Millington and Quirk [1961] model. In this model, the tortuosity depends on the degree of saturation and the porosity of the duff layer.
[23] Analogous to the water balance, the rate of energy accumulated within the duff layer is the energy flux across the surface of the duff layer. A source or sink term can be used at the boundary layers to add or remove energy at the boundary (e.g., sensible heat flux at the top of the F layer). The energy accumulated by the duff matrix will vary with temperature, while the energy in the pore spaces depends on the quantity and temperature of vapor and liquid within the pores. These processes are modeled using the specific internal energy of the fluid which is a function of the physical properties, the phase, and the temperature of the fluid. The energy flux within the duff is modeled with both convective and conductive components.
[24] Conduction within the duff is dependent on the thermal properties of the duff layer and the duff temperature gradient. Duff has a low thermal conductivity, and is an excellent insulator when dry. As the water content in the duff layer increases the thermal conductivity will also increase, reducing its insular properties. Convection through the duff is due to the energy flux resulting from the movement of vapor and liquid; as the mass fluxes increase so will the energy fluxes within the duff layer.
Model Parameterization and Initial and Boundary Conditions
[25] The parameters used in the simulations are given in Table 1 and relevant equations are provided in Text S1. The parameters are based on field observations or previously measured values from the literature. The initial conditions for each simulation period were based upon the moisture content and temperature data measured in the field. At the bottom boundary, a constant temperature of 4°C and a no flux condition were assumed. This assumption in this initial modeling attempt provides for a useful simplification, particularly given there was insufficient information available on the hydraulic properties of the soil layer. At the atmospheric boundary the heat flux was based upon a simple heat balance using atmospheric temperatures. To calculate the mass flux from the F layer the Penman equation was used to model the potential evaporation rates [Penman, 1948] . Driven by net radiation flux and air drying power, the air drying power incorporates both the air drying power and vapor pressure deficit as part of the Penman model. The Penman equation assumes that a sufficient amount of water can be supplied to the duff surface. In the field this is rarely the case for the duff, and the actual evaporation rate is below the potential rate calculated using the Penman equation. A simple model was used to account for the influence of the duff moisture deficit [Brutsaert, 2005] :
where d is the fraction of potential evaporation realized as actual evaporation, is the duff moisture content (m 3 m −3 ), 0 is the duff moisture content when actual evaporation rate = 0 (m 3 m −3 ) and max (m 3 m −3 ) is the duff moisture content when actual evaporation rate (E e in mm h −1 ) equals the potential evaporation rate (E p in mm h −1 ). Combining equation (1) with the Penman Equation in Text S1 yields the actual evaporation rate as
where r is the water density (kg m −3 ) and L is the latent heat of vaporization (J kg −1 ).
[26] The numerical methods described here are found in the TOUGH2 package [Pruess, 1999 [Pruess, , 2004 . The governing equations and boundary conditions are solved numerically [Narasimhan and Witherspoon, 1976] . The continuous form of the conservation equations are made discrete using the integral equations. No conversion into partial differential equations occurs, and the method used is an integral finite difference.
Analysis of Model and Manipulations
[27] The simulated moisture content of both the F and H layers was compared to the actual moisture content using two measures. Nash-Sutcliffe efficiency was used to compare the actual and modeled moisture content in both the F and H layers [Nash and Sutcliffe, 1970] ; this measure depends upon both the shape of the time series and the actual values of the data. Nash-Sutcliffe efficiency values range from -1 to 1, where 1 represents a perfect fit of model to observations. The coefficient of determination R 2 was used as an additional measure of the timing of the fit between the model and observations.
[28] The F layer time series were non stationary, i.e., they had periodic signals that changed in both frequency and amplitude over time, therefore they could not be compared with traditional time series methods, and thus, wavelets analysis was employed [Torrence and Compo, 1998 ]. Wavelet analysis decomposes a time series into both time and frequency space; thus it represents the frequency of the signal while retaining information about the time parameter. Wavelet analysis results in edge effects that are delineated using a cone of influence (COI): within this cone the influence of edge effects are minimal, while outside the cone edge effects become significant and the results are typically ignored.
[29] A cross wavelet transform was used to compare the results from the field data for the F layer to: a) the results from the dew manipulation, b) the enclosure manipulation and c) modeled results for the F layer. The wavelet analysis was used to determine if the diurnal cyclic signal between the two time series was significantly correlated, at what time period they were correlated (i.e., 24 h), and to determine if [Perry et al., 1984] . 3: Selected due to the similarity in thickness of organic layer, composition of the layers, the bulk density between the study sites. 3a: Saturated hydraulic conductivity, for the top 5 cm of the organic soil [Hinzman et al., 1991] . 3b: Saturated hydraulic conductivity between 5 and 10 cm depth [Hinzman et al., 1991] . 3c: Thermal conductivity at field capacity [Hinzman et al., 1991] . 4: ( 0 ) Minimum water content of the duff layer, based upon field data for the minimum observed moisture content in the F layer. 5: ( max ) Moisture content when actual evaporation rate is equal to potential evaporation rate, parameter fitted to calibrate the model.
there was a time lag between the signals (i.e., does the moisture content peak at the same time, or is there a delay).
[30] These results were subsequently used with a wavelet coherence transform. This analysis examines the coherence of a cross wavelet transform yielding the correlation coefficient between the two time series in time-frequency space. Both of these wavelet transforms used a Morlet wavelet for analysis [Maraun and Kurths, 2004] . The analysis also includes a measure of synchrony between the time series; these phase data were used to determine whether there was a delay between the cycles in these time series. The data were found to be normal in the wet and dry periods and thus, significance testing of the coherence between time series was based upon the Monte Carlo method of Maraun and Kurths [2004] at a 95% confidence level.
Results
Field Monitoring
[31] Figure 2a shows the temporal variability in duff moisture from late May to early September 2007 (the results of the 2006 and 2008 field seasons were similar) for the F layer. Two patterns are evident: first, there are short periods when duff water content increases rapidly because of precipitation which are followed by rapid drying due to breaks in rainfall or a reduction in rainfall intensity. Second, and the focus of this paper, are the extended periods with diurnal cycles in the F layer of the duff that exist in most of the period from July through to September as in Figure 2a . These diurnal cycles dampen with depth, and there is no evidence of a diurnal drying pattern in the mineral soil shown in Figures 2c and 2d . The circled region in Figure 2a shows a detailed example of the diurnal moisture cycles and how these cycles follow a predictable pattern in the F layer. During the mid-morning the moisture content increases typically from 07:00-10:00 (all times MDT); with a peak moisture content occurring in the early afternoon at approximately 12:30-13:00 (see Figures 2a and S1 depicting the 24 h period from 6:00 A.M. on July 31st to 6:00 A.M. on August 1st). The majority of the decrease in the F layer moisture content occurs during the afternoon and evening at approximately 13:00-20:00. In the F layer, the moisture content increases up to 5% of the total moisture content during the morning. The increase in the F layer moisture content can be a significant fraction of the total decrease in moisture content during the afternoon as shown in Figure 2a . The net effect of these cycles is to slow drying in the F layer.
[32] Figure 2b shows that in the H layer there is no cycling. The moisture content does not increase during any precipitation free 24 h period, but the H layer begins to dry approximately at the same time that the F layer begins to increase in moisture content, strongly suggesting that the H layer is the source of the moisture moving into the F layer. Also, Figures 2a and 2b show that the moisture content of the H layer is generally higher than that of the F layer. Additionally, the mineral soil shows no sign whatsoever of a diurnal pattern of drying (Figures 2c and 2d ) at any point during the season.
[33] Field data from 2007 shown in Figure 3 reveal the substantial temperature gradient across the duff layer, with the F layer up to 10 degrees warmer than the H layer during the afternoon. Large diurnal temperature cycles of as much as 10°C in the F layer were observed throughout the season while the H layer was much less variable, cycling diurnally by approximately 1°C. Figure 4a demonstrates that the temperature gradient between the F and H layer peaks in the early afternoon (1-2 P.M. though this is somewhat seasonally dependent) on most days. This peak comes after the peak in the F layer moisture content and the evaporative flux calculated from meteorological data, both peaking by 1 P.M. as shown in Figures 4b and 4c . The evaporative flux is increasing as the moisture content of the F layer increases. The F layer moisture content appears to increase with increasing evaporative flux. This suggests that evaporation is driving moisture redistribution within the duff, and as suggested in Figure 2 , the source of this moisture seems to be the H layer
Manipulation Results
[34] The exclusion manipulations were performed to look at the influence of dew, vertical fluxes, lateral fluxes, and the fine root system on the diurnal pattern of duff drying in the F layer. The initial increase in the F layer moisture content (Figures 2a and S1 ) occurs near the time that dew forms (during the dew manipulation dew was observed throughout the experimental area by 6:00 A.M. each day and shown in Figure S1 ), and consequently dew could be the process leading to the increase in duff moisture content during the morning. Few studies of dew have been done in mid latitudes, though there is some evidence it is an important seasonal input in dry ecosystems [Engstrom et al., 2005; Jacobs et al., 2006] . The results of the dew manipulation in Figure 5a show that diurnal cycling continues despite the exclusion of dew. The experiment begins following a rainfall event on September 1st, i.e., to the right of the vertical line. Qualitatively the response of the control and the dew exclusion manipulation show that there is no noticeable difference in response between plots. Wavelet analysis ( Figure S2 ) was performed to quantitatively compare the behavior of the plots before and during the manipulation. The wavelet analysis indicates that there is a significant correlation between the cycles in both the control and manipulated plots and that this correlation did not change significantly from data collected before the barrier was put in place (to the left and right of the vertical line. There appeared to be little effect on the diurnal cycles when dew was excluded from the duff layer; thus implying that dew may not be contributing to the duff water budget during drying. Note that the wavelet analysis, see Figures S2 and S3, clearly picks up the signal of the rainfall event, with the response of both plots becoming highly correlated at almost all time scales during the rainfall event on September 1st.
[35] The completely enclosed manipulation blocked vertical fluxes from below the enclosure, lateral fluxes, and isolates the fine root system from the surround vegetation thus blocking the majority of transpiration and hydraulic lift. Moisture uptake from the duff layer to the fine root system could be driven by transpiration during the day. During the evening when transpiration ceases, movement of moisture from vegetation into the duff layer via the roots, known as hydraulic lift, could lead to diurnal recharge of duff moisture [Caldwell et al., 1998 ]. Hydraulic lift moves water from areas of higher water potential, the vegetation roots, into areas of low water potential, the duff layer, increasing the moisture content near the surface [Caldwell et al., 1998 ]. Transpiration would lead to a reduction in duff moisture content near sunrise, peaking in the afternoon and near sunset, while hydraulic lift would lead to increases in the soil moisture content overnight when evaporation rates are lowest. The combination of these two processes could lead to diurnal cycles in duff moisture content ( Figure S1 ).
[36] Despite the removal of the vertical and lateral fluxes and fine roots, the timing and pattern of the diurnal cycling between the completely enclosed and control plots were similar throughout the dry periods (Figure 5b ), indicating that fluxes from outside the volume of the enclosure did not contribute to the diurnal drying of the duff. Wavelet analysis again showed a significant correlation between the cycles for each location at the 24 h period throughout the dry periods during the summer of 2007 ( Figure S3 ). Throughout the majority of the season the enclosure did not significantly influence the processes controlling the water budget of the duff layer during dry periods. This suggests that the moisture entering the F layer as observed by the diurnal fluctuations during drying periods was coming from within the enclosure. This indicates that the diurnal cycling was driven by fluxes of moisture from the moist bottom H layer to the F layer, and that there was typically a disconnection between the H layer and the underlying mineral soil during dry periods with little moisture moving from the mineral soil into the duff.
[37] Wavelet analysis confirms the diurnal cycles between the control and enclosed plots are highly correlated at the 24 h scale during the dry periods (see Figure S3 ) with little difference in phase (timing) of the cycles between the plots. As discussed above, multiple rainfall events show a clear signal as the correlation becomes significant at most time scales. Additionally, Figure S3 shows that there is no correlation in the plots during the transition period between the end of the rainfall and the beginning of the diurnal cycles. This wavelet analysis is able to resolve the dry periods when diurnal cycles occur within both plots.
[38] During one short period (July 29th to August 4th) there was a difference in the drying pattern between the enclosure and the control for the F layer as shown in Figure 5b and magnified in Figure 5c . The diurnal pattern between the two plots for the F-layer is similar and only the rate of drying of this six day period is slightly different. Figure 5c also shows that in this same time period, the enclosure plot's H layer, is losing very little moisture in comparison to the control plot. This implies a lack of movement of moisture from the H layer to the F layer in the enclosure (in comparison to the control plot) during this period. As can be seen in Figure 5b , the enclosure's moisture content drops to its lowest level during this period and is close to the error of the soil moisture probe. At very low levels of moisture content, thermal gradients are insignificant drivers of vertical moisture fluxes; thus, the temperature gradient between the F and H layer contributed less to driving flux from the H layer to the F layer. While the supply of moisture to the F layer was reduced from the bottom of the H layer (where the moisture content remained relatively stable), moisture from regions between the probes apparently still contributed moisture to the F layer as the diurnal cycles continued, albeit in a reduced state.
Model Results
[39] Simulations were performed to determine whether the fluxes identified by the manipulations could replicate the field measurements of duff moisture content in both the F and H layers. The simulations were based upon field data collected during the two longest dry periods in the summer of 2007 (Period 1: July 3rd-July 16th, Period 2: July 21st-August 4th). As suggested by the field observations and the manipulations the duff layer was modeled with no liquid movement between the mineral soil and the H layer in these simulations and the model parameters are given in Table 1 . The parameters resulted from a calibration by hand (to achieve the highest Nash and Sutcliffe efficiency possible between observed and modeled values) on the period of June 25th to July 8th, 2006 and achieved a Nash and Sutcliffe efficiency of 0.93. Vapor fluxes were modeled between the mineral soil and H layer, but they were less than 1% of the net vapor flux between the F and H layer. The results were compared to the actual moisture content from these two periods. These simulations also quantified the liquid and vapor fluxes and their influence on the diurnal cycles in F layer moisture content.
[40] The simulation results for the two dry periods closely recreated the pattern of drying in the duff for both the F and the H layers ( Figure 6 ). The F layer Nash-Sutcliffe efficiencies were 0.920 and 0.961 for Periods 1 and 2 respectively, while the R 2 values were 0.970 and 0.982. For the H layer Nash-Sutcliffe efficiencies of 0.979 and 0.910 were obtained for Periods 1 and 2 respectively, while the R 2 values was 0.980 for both periods. Wavelet analysis shown in Figures S4 and S5 , indicates that the actual and modeled diurnal cycles are highly correlated during both periods at the 24 h scale. This analysis also shows that there is a slight phase differences between the plots, with the model F layer moisture content peaking after the actual peak. This slight bias is likely due to the simplified Penman based evaporative boundary model.
[41] The drying pattern's local control [cf. Grayson et al., 1997] can be simulated by coupling the liquid and vapor fluxes from the H and F layers driven by diurnal evaporative fluxes. Positive fluxes indicate movement from the H to the F layer, while negative fluxes indicate movement from the F to the H layer. The liquid fluxes redistributed moisture from the H layer to the F layer as seen in Figure 7a , while the smaller vapor fluxes followed the thermal gradient, redistributing moisture downward. The liquid and vapor fluxes had very strong diurnal cycles, with peaks in both cycles occurring during the afternoon. The diurnal moisture cycles in the F layer were due to the net flux within the duff coupled with evaporative fluxes. The F layer moisture content increased throughout the morning when the evaporative flux was smaller than the net flux from the H layer to the F layer as shown in Figure 7b . During the afternoon and evening the F layer dried because the evaporative fluxes were larger than the net flux in the duff. This occurred despite the peak in the net flux during this time. It is this transport limitation that results in the drying of both the F and H layer during the afternoon and evening. These results indicate that diurnal cycling of meteorological fluxes lead to variable liquid and vapor fluxes within the duff and the coupling of these processes leads to diurnal cycling in the F layer.
[42] A model flux analysis was performed to determine the magnitude of external moisture fluxes that would affect the F layer budget. The fluxes were added to the H layer to simulate lateral (or vertical) fluxes into the duff layer from the surrounding soil column. The results of these simula-tions indicate that small flows of moisture (<360 mm 3 h −1 ) have little influence on the duff water budget (Figure 8a ). Moderate-sized fluxes (360-1440 mm 3 h −1 ) slow the overall drying rate in both the F and H layers and lead to a slight increase in the amplitude of the diurnal cycles. When the size of the moisture flow is greater than approximately 5-10% of the peak evaporative fluxes (in this simulation >1440 mm 3 h −1 ), the drying rate slows greatly, and little drying occurs throughout the duff (as in Figure 8a ). In the H layer the additional flow has less overall influence than on the F layer, though the overall trend is similar to the F layer, with little drying occurring during larger fluxes (Figure 8b ).
Discussion
[43] The one-dimensional coupled heat and mass transfer model simulation and the empirical evidence from the manipulations demonstrated that duff drying is largely driven by diurnal evaporative fluxes during dry periods. These fluxes lead to diurnal vapor and liquid fluxes within the duff layer. Throughout the morning, the net flux from the H layer to the F layer is larger than the evaporative flux; this leads to the increase in the F layer moisture content. During the afternoon, the evaporative flux becomes larger than the flux from the H to the F layer, leading to drying throughout the duff layer. This is the process that leads to the diurnal moisture cycles within the duff.
[44] Similar processes have been found to cause diurnal cycles in mineral soils [Hillel, 1975; Jackson et al., 1973; Yamanaka and Yonetani, 1999] , while in our study no diurnal cycling was observed in the mineral soil. These mineral soils all seemed to have little or no duff layer, and focused upon the short-term drying behavior of a range of relatively dry mineral soils. The diurnal cycles were generally quite similar in the duff and these mineral soils, though there were apparent differences in the amplitude and timing of the cycles. The amplitude of the cycles in the mineral soil was almost an order of magnitude larger at the top of the soil (up to 0.1 m 3 m −3 ) [Jackson et al., 1974] than was found in the duff layer. As depth increased the amplitude of the diurnal cycles decreased and there was a time lag found at depths as little as 1 cm in the mineral soil [Jackson et al., 1974] . These lags delayed the timing of the cycles by approximately 1-2 h and reduced the amplitude of the cycles by approximately 50% at a depth of just 1 cm [Jackson et al., 1974] . Our study measured the average moisture content in the top 4 cm of the duff layer, so that both the [45] In mineral soils the moisture fluxes near the surface dropped off rapidly as the soil dried, while fluxes in deeper layers (9 cm depth) did not change significantly [Jackson et al., 1973] . The fluxes in the deeper layers resulted from the redistribution of moisture from as deep as 35 cm [Jackson et al., 1973] . Overall the net fluxes in mineral soils were approximately an order of magnitude larger than those found in the duff layer [Jackson et al., 1974] . In our study, there was a disconnection between the bottom H layer and the underlying mineral soil, resulting in minimal capillary fluxes between these layers during dry periods. Overall, there was less moisture available for redistribution within the duff because of this disconnection. The disconnection was likely the cause of the lower fluxes, and could also lead to smaller amplitude cycles in the duff layer due to a supply limitation. The net fluxes in both the duff (this study) and mineral soils [Jackson et al., 1974] were due to a combination of liquid and vapor fluxes, with the vapor fluxes driven largely by vertical thermal gradients and the vertical liquid fluxes driven by redistribution due to evaporative drying.
[46] During these dry periods, the duff is locally controlled since vertical fluxes dominate the duff water budget [cf. Grayson et al., 1997] . Local control has often been assumed to occur when potential evaporation exceeds precipitation [Western et al., 1999] , but near the surface the pattern of drying is a more precise indicator of local control. Shortly after large inputs of moisture (precipitation or snowmelt), liquid flow, both vertical and lateral, will dominate the budget, as the increased hydraulic conductivity of the duff enables rapid redistribution of moisture. Thus, there is the potential for lateral flow through the duff layer. Following this there is a short (approximately 12-24 h) transition phase as the duff dries in which the relative importance of the diurnal fluxes is increasing and the diurnal drying pattern is becoming evident. After a large precipitation event the F layer is under local control within 48 h; although in the H layer the transition can take an additional 24 h. During dry periods small precipitation events are not sufficient to remove local control in the duff layer; therefore, throughout most of the summer the duff water budget is dominated by vertical fluxes and is locally controlled.
[47] The model flux analysis indicates that vertical flow from the mineral soil and horizontal flow from the duff could lead to spatial variability in the duff moisture content. Small lateral flows less than 360 mm 3 h −1 into the H layer would not alter the budget significantly. Moderate flows, between 360 and 1440 mm 3 h −1 , through the duff could influence the budget and also lead to an increase in the amplitude of the diurnal cycles within the duff layer without altering the pattern of drying significantly. Flows greater than approximately 5-10% of the peak evaporative flux could lead to major reductions in the drying that occurs in the duff layer. The size of these flows indicates that the spatial moisture redistribution would be on the order of centimeters to a meter during these dry periods. These flows have a larger impact on the budget at lower moisture contents as evaporative fluxes are smaller in drier duff (e.g., Figure 8 , July 10-17).
[48] Throughout the majority of the season, these flows are either not occurring or are too small to have an observable influence on the water budget. This analysis reveals that moderate flows at very short scales could lead to spatial variability in duff moisture during dry periods. These flows were not directly observed in the field, though comparison of the model flux analysis with the enclosure manipulation suggests that moderate flows to the H layer could lead to spatial variability in the field. Further empirical studies are needed to determine the source, magnitude, and frequency of external fluxes into the H layer during dry periods.
[49] The results of the manipulations also reveal that transpiration and resulting water uptake by the fine root system did not impact duff drying during dry periods. This, in combination with the minimal amount of lateral flow and the disconnection of the underlying mineral soil, indicates that evaporative flux is a major driver of the duff water budget during the majority of the dry periods. Generally, separation of evaporative fluxes from non-biological sources (i.e., duff, soil, open water) and biological sources (i.e., transpiration from plants) is difficult and numerous methods have been proposed to estimate these fluxes [Cooper et al., 1983; Ritchie, 1981] . Our results indicate that, in forested ecosystems with a thick duff layer (≥10 cm) and minimal understory vegetation, drying of the duff layer is largely driven by non-biological evaporative fluxes.
[50] The mismatch in the amplitude and timing of the Penman evaporation fluxes in Figure 6 is the reason for the slight bias in the model results for the F layer. The Penman model was used to estimate the evaporative fluxes because of its mechanistic basis and the widespread availability of necessary meteorological data. The Penman equation underestimates evaporative fluxes during the morning and overestimates the fluxes during the early afternoon. This causes a slight mismatch between the timing and amplitude of the diurnal cycles and can lead to over-or under-estimations of the moisture content. In dry conditions it has been found that the latent heat flux peaks earlier in the day than under wet conditions; further, the latent heat flux was found to peak before net radiation in dry soils [Yamanaka and Yonetani, 1999] . This diurnal variability of latent heat flux would lead to the observed discrepancy in the timing of the modeled diurnal cycles. Overall, the Penman method gives very good results using basic meteorological data. The great advantage of this method is that it can be used in locations where only basic meteorological data are available.
Conclusions
[51] The objective of this paper was to model the significant processes that govern the dynamics of the duff water budget during drying. Field observations indicate that the process of drying within the duff layer is driven by diurnal evaporative fluxes that lead to diurnal moisture cycles in the duff layer. During dry periods the mineral soil has minimal influence on the drying processes within the duff; the duff and mineral soil effectively become disconnected. This disconnection is a temporal effect that occurs when there is little moisture input into the duff layer, but the timing of this disconnection may also be spatially variable.
[52] Model flux analysis indicates that relatively small fluxes of moisture into the H layer of the duff could lead to the spatial variability observed in the duff moisture content at scales of less than a meter. At larger scales, duff moisture content has been found to vary across hillslopes, with wetter locations found at the bottom of hillslopes. A potential mechanism leading to the hillslope variability is lateral flow through the duff during and shortly after a significant snowmelt or rainfall [Carey and Woo, 2001; Kim et al., 2005] . To better understand the pattern of local control of the duff water budget, a spatially variable three-dimensional model is required.
